We measured for the first time the electron density in an Extreme Ultra-Violet induced plasma. This is achieved in a low-pressure argon plasma by using a method called microwave cavity resonance spectroscopy. Good agreement is found between the measured electron density at the end of the EUV pulse and a theoretical prediction. The plasma (i.e. electron density) decays in tens of microseconds.
Industries are striving to reduce the size of computer chips to meet the continuous demand of increasing computer speed and memory capacity. This miniaturization can be achieved by reducing the wavelength of the light used in lithography machines. In modern machines, high energetic (92 eV) photons with wavelengths as short as 13.5 nm are generated by tin-based pulsed plasma sources. These photons are directed through a complex configuration of multilayer mirrors to the desired location in the scanner. Although gas pressures are being kept relatively low, these photons ionize the background gas. Consequently, a plasma is induced everywhere the beam of photons travels through the machine. In the multi-billion dollar lithography industry the formation of these plasmas is of significant importance since in the vicinity of surfaces, strong electric fields may be induced by the formation of a plasma sheath. These strong fields accelerate ions up to high velocities towards highly delicate surfaces such as multilayer mirrors. If these ions gain enough energy, they may pose a potential threat to the expensive mirrors. Therefore, characterization of the EUV induced plasma is essential.
Since the plasma is driven by interactions of electrons with background particles, the electron density is one of the most important plasma parameters. In previous studies, simulations have been performed to determine the electron density in these plasmas.
1 Also, attempts have been made to characterize the plasma with Langmuir probes, however the authors themselves already concluded that these probes are not feasible to determine the electron density and temperature. 2 We measured the electron density in these EUV induced plasmas for the first time.
The electron density is determined using a method called microwave cavity resonance spectroscopy (MCRS). This method is previously used in other studies to determine the electron density in radio-frequency (RF) plasmas [3] [4] [5] and discharge tubes. 6 Since the MCRS technique is explained in great detail in those publications, we suffice here with a brief description of the key concepts. In MCRS measurements a standing microwave is excited a) Electronic mail: r.m.v.d.horst@tue.nl in a cylindrical cavity. The cavity has an entrance and exit hole, so the EUV beam can pass through the cavity (see figure 1) . However, the size of these holes is kept smaller than the wavelength of the microwave, such that no microwave radiation leaks out of the cavity. The excited standing wave only exists at specific frequencies, the resonant frequencies ω 0 , which depend, amongst others, on the permittivity of the medium inside the cavity. When free electrons are created inside the cavity by the EUV beam, the permittivity will change and therefore the resonant frequency will shift. The electron density can now be determined by measuring the change in resonant frequency ∆ω:
with m e the electron mass, e the elementary charge and ω 0 and ω the resonant frequencies without and with plasma, respectively. Note that the number found for n e with this method is the averaged electron density weighted with the square of the electric field of the standing wave E:n
The cavity that was used has a radius of 33 mm and a high of 20 mm, the entrance and exit hole both have a radius of 6.5 mm. Inside the cavity two copper antennas are mounted at opposite sides, one transmitter and one receiver. We excite the TM 010 mode with a low-power microwave generator. Figure 2 shows the electric field calculated with the plasimo platform. 7, 8 Since the electric field is largest in the centre, the electron density in mainly sampled there. The response of the cavity is measured with a microwave detector with a time response of 10 ns. The quality factor of the cavity is 150, so the cavity response time is 14 ns. The EUV radiation is produced with a xenon pinch plasma delivering an energy density of 4. It should be noted that the density in these graphs is the squared-electric-field weighted averaged electron density (see equation 2). At the start of the EUV pulse, the electron density starts to increase. At the end of the EUV pulse, the density still increases slightly to a maximum value of 4.4 × 10 14 m −3 . After the maximum density is reached, the plasma decays in tens of microseconds. We will discuss the temporal behaviour in the next paragraphs.
The initial increase in electron density at the start of the EUV pulse is caused by absorption of EUV light and subsequent photo-ionization: The ionization energy for argon is 15.8 eV.
9 Almost all excess energy (76 eV) is transferred to the ejected electron due to momentum conversation. The ions will remain approximately at room temperature. The maximum electron density due to photo-ionization can be estimated from the absorbed EUV energy I abs (λ):
with I abs (λ) the absorbed EUV irradiation as function of wavelength λ before the cavity, L c the length of the cavity, h the Planck constant and c the speed of light. Using Beer-Lambert law, this can be rewritten to: (5) with I 0 (λ) the EUV irradiation as function of wavelength λ before the cavity, n Ar the background argon density and σ(λ) the photo-ionization cross section. The photo-ionization cross section is taken from Marr and West. 10 The EUV irradiation I 0 (λ) is calculated from the relative spectrum recorded by Kieft 11 and a wavelength integrated power measurement of the EUV source (4.8 J m −2 per pulse). This results in an electron density of 4.5 × 10 16 m −3 . To compare this to the experimental results, we need to assume a spatial profile for the electron density. Assume that the spatial profile of the electron density during the EUV pulse is Gaussian with a FWHM (full width at half maximum) of 4 mm equal to the FWHM of the EUV beam. Since we also know the mode of the cavity (TM 010 ), we can use equation 2 to convert the averaged electron density (n e = 4 × 10 14 m −3 ) to a density in the centre of the cavity. This results in an electron density in the centre at the end of the EUV pulse of about 2.6 × 10 16 m −3 . This is in good correspondence with the estimation from the power absorption (4.5 × 10 16 m −3 ). The electron induced ionization cross section for the high energy (92 eV) electrons in argon is σ ea = 2.8 × 10
−20 m 2 .
12 For the typical pressures used here (2.5 Pa), the mean free path of these high energy electrons is then about 6 cm, so the first of these electrons will reach the wall of the cavity in a few nanoseconds before interacting with the background gas. The slower argon ions remain in the centre at the position they have been created. Consequently, a potential difference is generated between the plasma and the wall. This potential traps the remaining electrons in the cavity. When these trapped electrons collide with an argon atom, the atom will be ionized, thereby creating a secondary electron: e − + Ar − → e − + e − + Ar + .
Due to this process the electron density still increases after the EUV pulse.
The potential decelerates the electrons and accelerates the ions to the wall. Therefore the electrons and ions will diffuse at the same speed. When they reach the wall of the cavity, they will recombine.
In conclusion, we measured the electron density in an EUV induced plasma for the first time with microwave cavity resonance spectroscopy. Electrons are created via two processes. First electrons are generated by photoionization. These high energy electrons create secondary electrons via collisions with the background gas. The electron density at the end of the EUV pulse is in good agreement with a theoretical prediction.
